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T HE ROLE OF CELL WALL STRUCTURE IN THE HARD-TO-COOK PHENOMENON
IN BEANS (PHASEOLUS VULGAR IS L.)
flan Shomer*, Nachman Paster, Pinhas L indner and Rosa Vasiliver
Institute for Technology and Storage of Agricultural Products, Agricultural Research Organization,
The Volcani Center, P.O.Box 6, Bet Dagan 50250,1srael.

Introduction

Differences in str ucture, water uptake and efflu x of
solubles were found between normal and hard-to-cook
bean s (Phaseolus vulgaris L.). T he stai nin g
characteristics of hard beans were different from those of
the normal in both non-cooked and cooked tiss ue,
especiall y in the cell walls. The three zones of th e cell
wall - the middle lamella, the primary and the secondary
wa lls - we re found in both norma l and hard-to-cook
beans. The primary cell wa ll of both normal and hard
beans was partially degraded upon cooking, as seen by
brig ht fi e lds wi thin th e fibrillar pa tte rn . The
ultrastructure of the non-cooked secondary cell wall was
significantl y different between normal and hard beans.
The middle lamella in normal beans disintegrated upon
cooking, while th at of hard beans was retai ned. Hard
beans took up less wa ter during soaking but released
more solubles to the medi um than normal beans.
It is concluded that th e resistance of the middle
lame lla to so lubili zation upon cook ing prevents cell
separation, and this res ults in th e hard tex ture of the
hard-to-cook beans.

T he hard-to-cook (HTC) pheno menon in beans
manifests itself in prolongation of cooki ng time, thus
reducing the beans' nutritional and textural qualities.
This phenomenon, which wi ll be referred to as
hardening, was found to be induced by storage at elevated
temperatures and high relative humidities (Plhak et a/.,
1987).
Severa l s uggestions have been given 10 exp lain th is
phe nomenon. Varriano-MarsLO n and Jackson ( 1981 )
suggested that cytoplasmic changes during storage lead
to en hanced cell adhesion, and hence harden ing of the
beans. Hincks and Stanley ( 1986. 1987) suggested that
po lymeri za ti on of phenols within th e cell wa ll mi g ht
lead to bean hardening. Based on th e work of Wardrop
( 197 1) and Esa u (1977) sugges ting that lig nin
monomers may be secreted into the region of the middle
lamella, Varria no-Marston and Jackson ( 198 1) ass umed
that hardenin g in beans stored under unfavo rab le
conditions is ca used by lignification of the midd le
lamella. However, no differences were found between
normal and hard beans in the degree of lignification ,
content of tannins and specific activity of peroxidase

(Pihak eta/., 1987). Histological studies (Va rrianoMarston and Jackson, 1981 ; Jones and Bou lter, 1983;
Narasim ha eta/., 1989) revea led differe nces in the
packing dens ity of the cotyledon cells between normal
and HTC beans. No evidence relati ng these changes to
specific cell components was presented.
The present study describes the structura l changes
occurring in the cotyledon tiss ue of beans as a result of
hardeni ng. The in volvement of th e cell wall , especiall y
th e middle lamella, in the hardening phenomenon is
descri bed and discussed.
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Materials and Methods
Preparation of hard-to-cook beans:

• Address for correspondence: llan Shomer, Institute for
Technology and Storage of Agricultural Products,
A.R.O. , The Volcani Center, P.O.Box 6, Bet Dagan
50250, Israel. Phone No. 972-3-968-3256.

Dry beans (Phaseo/us vulgaris L. cv. 'Ivory') from
local prod uction , stored for about 3 months at ambient
tempemture and humidity (20-24°C, 50-60% RH) were
used for the experiments. The moisture content of the
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dry beans, as measured by oven-dry method (Anon.,
1966), was 11.5%. Hardness was induced by incubating
bean seeds at 42°C and 80% RH (in a desiccator, over a
solution of saturated KCI), for 21 days. The incubated
beans and a sample of non-treated beans kept at ambient
room temperature and humidity were dried to a
constant weight at 25'C under reduced press ure (250 mm
Hg). The water content of the beans was determined by
drying to a constant weight at 70°C at reduced pressure
(250 mm Hg). The water content of both samples after
drying was 12%.

of toluidine blue and basic fuchsin (0.365 g and 0.135 g,
respectively, in 60 mL of 30% ethyl alcohol). For
transmission electron microscope (TEM), ultrathin
sections were stained with uranyl acetate and lead citrate

and examined with a JEOL-IOOCX TEM at80 kV.
Resui!S and Discussion
Characteristics of normal and hard-to-cook beans:
Hard-to-cook beans were found to be hard but springy
after cooking, while normal control beans stored at room
temperature were disintegrated easily when subjected to
light finger pressure. The water uptake and effl ux of

Soaking and cooking of beans:

Ten g of beans was placed in 100 ml of distilled
water in a 250 ml Erlenmeyer flask and shaken at a rate
of 50 strokes/min for 18 h at room temperature. The
weight of the beans and the volume of the liquid were
then determined. The beans were cooked in boiling water
at ambient pressure for 30 min ; after cooking, distilled

solutes in bean s upon soaking and cooking arc shown in

Tables I and 2, respectively. After 18 h of soaking in
Table 1: Uptake of water by , and efflux of solubles

from bean seeds soaked in distilled water for 18 h
(mg/g dry matter).

water was added to compensate for evaporation . The

weight of the beans and the volume of the liquid were

Efflux

then measured. Water uptake was calculated as increase

Storage

in weight after soaking or cooking, with a correction for
the amount of solubles which leaked into the medium
from the beans. Leakage of solubles was determined by
weighing the residue after lyophilization of 10 ml of
soaking or cooking liquid. Hardening was examined by

Water

conditions uptake Sugars 3

±50

pressing the cooked bean with Lhe fingers; normal beans
di sintegrated , while the hard-to-cook retained their
integrity.

Chemical analyses:
Nitrogen was assayed by the Kjeldahl procedure.
Phosphate was analyzed in Kj e ldahl diges ts by a

±1

Control

1250

4.0

42°C at
80% RHC

1010

44.0

Ed

Pectinb

Nx6.2Sc

±0.02

±0.5

±0. 1

3.0

0.2

0.08

24.0

9.0

aTmal sugars, as glucose, determ ined by the phenol sulfuric acid method.
bAs galacturonic acid
CNo measurable amount of TCA-coagulable protein

Technicon Automatic Analyzer System (Technicon

Corporation, Tarritown , NY). Trichloroacetic acid (TCA)
coagulable nitrogen was measured in the precipitates

dPhosphatc

formed by addition of TCA to a final concentration of
15 %. Alcohol-insoluble solids (AIS) were precipitated
by addition of two volumes of ethanol. The precipitate
was washed twice with 70% ethanol, dissolved with 0.05
N NaOH and assayed according to the method of
Blumenkrantz and Asboe-Hansen (1973). Total soluble

CRelative humidity
water, HTC beans took up 20% less water as compared
with normal beans. From Tabl e I it is seen that HTC
beans release approximately tenfold more sugars and

nitrogen , and about 45-fold more phosphorus to

sugars in the soak and cooking water were determined by

the phenol-s ulfuric acid method (Dubois eta/., 1956).

~te

soaking water than normal beans. Increased efflux of
solubles and lower water imbibition upon soaking of

Light and electron microscopy:

HTC beans were reported by Jones and Boulter (I 983). A

Small slices (-I-2 mm 3 ) from the center of bean
cotyledon tissue were fixed in 5% glutaraldehyde in 0.1
M cacodylate buffer (pH 7) for 2 h at 4°C. The slices

Figures 1-4. Light micrographs of cross sections of bean
cotyledons, stained with toluidine blue and basic fuchsin
(S - starch). Fig. 1 - normal bean. Primary cell wall is
indicated by sharp arrows and the secondary one by blunt
arrows; bar~ lO ~m. Fig. 2 - cooked normal bean.
Primary cell wall is indicated by sharp arrows, and the
secondary one by blunt arrows; bar~lO ~m. F1g. 3non-cooked hard bean. Arrows indicate the cell wall;
bar~ 10 ~m. Fig 4 - cooked hard bean. Arrows indicate
the cell wall; bar= 10 ~m.

were then rinsed several times with the same buffer,

followed by washing with 0.1 M phosphate buffer (pH
7), postfixed with 2% Os04 in the phosphate buffer at
4°C for 2 h, and then washed several times with the
phosphate buffer, followed by washing with distilled
water. The fixed specimen was dehydrated gradually with
ethanol and embedded in Agar 100 Resin (Agar Aid,
Cambridge). For light microscopy, sections of -3~m
thickness were prepared by LKB Pyramitome, mounted
on a glass slide, and stained with a 10 X diluted solution
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disparity of views prevails concern ing the extent of water
uptake of HTC vs normal beans. Thus, Jackson and
Varriano-Marston (198 1) reponed a similar extent of
water uptake upon soaking by normal HTC bea ns.
Small amounts of pectin were released from HTC beans
upon soaking, while no AIS could be isolated from the
soaking water of normal beans. From Table 2, it could
be seen th at after cooking for 30 min, there was twofold
greater water uptake in normal beans than in HTC beans.

and Jackson, 1981 ; Narasi mha et at., 1989 Plhak et at. ,
1989), but the present results revealed distinct differences
in l.he stain ing characteristics between tissue sections of
normal and HTC beans. The most marked differences
appeared in tl1e cell walls. In HTC beans all of the cell
wall regions were stained intensively (Figs. 3,4).
In the cooked beans, differences also were observed in
th e stain ing intensity of starch granules between norm al

(Figs. 1,2) and HTC (Figs. 3,4) beans. The integrity of
starch grains an d the re sidual birefringence observed

Table 2: Uptake of water by, and emux of solubles
from soaked bean seeds during cooking for 30
min (mg/g dry matter).

under polarization microscopy of both normal and HTC
beans sugges t that starch was not entirely gelatinized
upon cooki ng.
The differences in staining properties of the cell wa ll
indicate a difference in the cell wall characteristics and
composition between normal and HTC beans. A detailed
study of the ultrastructure of the cell wa ll was therefore
undertaken.
Elecvon Microscopy:
a. Non-Cooked Beans: The ultrastructure of cell

Emux
Water
=lllii2n .!:ill:~

~

Storage

Conlrol
42°C at
80%RHe

+

s..uga

~b IillJ!l

±50

±I

±0.2

520

75

1.8

260

.fu!!C £<1

±0.5 ±0. 1 ±0.5
23.0

3.9

5.8

5.0

0.82

tr

walls in swollen normal beans before cookin g is shown

in Figures 5-9 Usuall y, the cell wall consists of th ree
distinct regions: the outer region of the midd le lamella,
th e middle reg ion of the primary cell wall , and the
innermost region of the secondary cell wa ll (Fig. 5).
Facing the intercellular spaces the middle lamella is
thicker, while it is thinner in the adhesion zone between
the cell s. A hi gher magnification of the middle lamella

3 Total

sugars, as glucose, determined by the phenolsulfuric acid method
bAs galacturonic acid.
CTCA coagulable protein .
dPhosphate
eRelative humidity.
fTraccs

in the adhesion zo ne is shown in F igure 9. In many

cases th e midd le lamella is so thin th at it cannot be
identified by ultrastructural observati on.
The secondary cell wall is thick, adjacent to the
in terce ll ular space (Fig . 5) , pi ts (Fig. 6) and
disconnection zo ne (Figs. 7). The detai led structure of
the secondary wall with three zones is shown in Figure
8. In cells of non-cooked norm•i beans the thick reg ion
of the secondary wall has a reticu lated pattern, with an
internal layer of dense structu re (Figs. 5-8).
Higher magnification revealed that the structu ral

EfOux of carbohydrates, nitrogen and phosphorus was
now hi gher in normal beans. Normal beans released
pectin and TCA-coagulable nitrogen (protein) upon
cooking. The increased efflu x of solubles from HTC
beans upon soaking indicates damage ca used to the
plasmalemma during th e s torage und er ad verse
conditions. The red uced water uptake by HTC beans
upon soakin g may be ascr ibed to partia l loss of
semipermeability of th e plasmalemma as well as to
changes in hi gh molec ul ar weight components like

elcmems of the reticulum arc tubul ar. T his reti culum

seems to be embedded in a sparse microfibrillar matri x
Figures 5-9. Ullrathin sections of cot.yleclons of normal
bean. The reg ion of the cell wa ll includes the middle
lamella (ML), primary cell wall (W) and secondary wall
(S) with its outer, middle and inner layers (1, II , Ill,
respectively). Figs. 5-7 - The secondary wa ll found
usuall y adjacent to the intercellular space (ICS), pit (Pit)
and disconnecting area (DC). Protein bodies (PB) seen in
the cytoplasm (Cy); bar~l ~m . Fig. 8 - Hig h
magnification of th e secondary cell wall shows reticulum

pec tic material or in intracellular storage protein s.

Chemical changes leading to increased crosslinkage, or
reduced hydrophilic character of these components will
reduce their ca pacity to take up water during imbibition

as well as during the cooking processes .
Ligh1 microscopy:

Lig ht microscope observations showed th at in
cooked normal beans the cells of th e cotyledon tiss ue
tend to separate from each other (compare Figs. I and 2).
However, in cooked HTC beans, cell adhesion and tissue
integ rity were retained (Figs. 3, 4). These findings are in
agreement with those of oth er studies (Varriano-Marston

(R ), with its cross view seen as a tubular structure

(arrows). The reticulum seems to be embedded in a fine
fib rillar matrix (F M); bar~ I 0 ~m . Fig. 9 · High
mag nification of the middle lame lla (ML) and the
primary cell walls (W); bar=0.2 ~m .
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(Fig. 8). The zone of the secondary wall shows densely
packed tubules.
The cell walls of the non-cooked HTC beans differed
from those of the normal bean s in their ultrastructure,

especiall y in the secondary cell wall (Fig . 10). The
secondary wall is seen also adjacent to pits (Figs.
10,11 ). The typical reticular pattern of the secondary cell
wall is not seen; instead, there appears a pauern of
scattered tubuli with fibrillar connections (Figs. 11 - 13).
A similar but less organized pattern is observed in the
innermost reg ion of th e secondary cell wall (Figs.
13, 14).
b. Cooked beans: The cooking process caused
significant changes in the cell wa ll structure of normal
beans. The primary cell wall is the most resistant part of
the cell wall with respect to structural changes occurring
upon cook ing (Figs. 15-17), although man y weakly
stained location s are seen wi thin its fibrillar pauern . IL

appears that in these locations the cell wall material was
degraded upon cooking. The ultrastructure of the normal
secondary cell wall (Figs. 5-8) changed dramatically as a
result of cooking (Figs. 17 , 18). The middle lamella
became loosened (Figs. 15,19 ,20). Detailed observations
showed two typical zones from which the middle lame lla
was changed by the cooking process: (i) zones in wh ich
adjacent cells arc attached to each other (Fig. 16). where
the boundary between the cells is not seen clearly,
because of the removal of the middle lamella; and ( ii)
zones in which cell separation is seen clearl y and where
the residues of the middle lamella arc still observed
(Figs. 19 ,20).
The most prominent change in the cell wall as a
result of cooking appeared in the secondary wa ll . The
typical reticular structure in non-cooked beans (Figs. 58) was lost, and replaced by an amorpho us structure
embedded wi thin a fibrillar network (Figs. 15- 18). The
central zone of the secondary wall, where densely packed
tubules were visible before cooking, are seen now as
masses of dense amorphous matter (compare Figs. 15,1 8
with Figs. 5,8).
The secondary cell wall of cooked HTC beans (Figs.
2 1-23) is similar to that of cooked normal beans (Fig.
18). However, in cooked HTC beans the middle lamella
retained its integrity (Figs. 21,24 -26). In these
specimens the primary cell wall contains weakly stained
locations (Figs. 21,26) , as was observed in the cooked
normal beans (Figs. 15-17).
h appears that although part of the primary cell wall
is removed as a res ult of cooking, the middle lamella is
retained and still functions as a cementing agent which
prevents cell separation upon cooking. This ev idence
s upports the suggestion of Varriano-Marston and
Jackson ( 198 1) that the middle lamella is involved in
reducing the cooking quality of beans. A poss ible
mechanism by w hich the middle lamella becomes
insoluble was suggested by Jones and Boulter ( 1983),
who showed that during storage under conditions leading

to HTC, phytate is partially hydrolyzed and pectin is dees terifi ed. This results in formation of calc ium

magnesium pectate, which may insolubilize the middle
lamella.
The present study demonstrates in structural dcLails

th e significance of th e middle lamella in the HTC
phenomenon. The results of Jones and Bou lter (1983)
suggests that HTC is due to chan ges in properties of the
pectic components rather than deposition of lignin.
Although Hincks and Stanley ( 1987) provided tentative
evidence for lignification of cell wall in hard-to-cook
beans, in a later stud y of Srisuma el a/. ( 1988), no
significant differences in lignin content were detected
between normal and hard-to-cook beans.
Conc h1 sion s

The primary and the secondary cell walls respond to
cooking similarly in both normal and HTC beans. In
contrast, the middle lamella of normal beans is degraded.
In HTC beans the middle lamella remains intact in spite
of cooking, and hence it prevents cell separation and is
thus responsible for the HTC phenomenon . However,
th e mechani sm by w hi c h th e middle lamel lar
components become insoluble during storage under
unfavorable conditions is still unknown.
The involvement of oth er cellular components such
as lign in, phenol s, starch g ranules and proteins in the
HTC phenomenon has not yet been elucidated.
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Figures 10-14. Ultrathin section of tile coty ledon of a
hard-to-cook bean . Fig. 10 - The area of intercellular
space (ICS) with primary (W) and secondary (S) cell
walls and pit (Pit), where the middle lamella (ML) seen
clearly near the intercellular space. The cytoplasm (Cy)
is seen as dark matrix with starch grains (Sl); bar=2 !Jlll.
Fig. 11 - High magnification of the primary wall (W)
and the secondary wall (S) adjacent lO th e pit (Pit);
bar=0.2 Jllll. Figs. 12- 14 - High magnification of the
primary cell wall (W) and the outer (OS) , middle (S) and
inner (IS) secondary cell wa lls, wi th tubuli (arrows) and
the fibrillar connectin g system (F). (Fig. 12 bar=0.2
Jlm ; Figs. 13, 14 bar=O. I Jlm.
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Discussion with rev iewers

M C Bourne: Do you believe that th e skin (peri carp) of
the bean seeds affects the hard-to-cook behavior?
~ : Cotyledons cooked with out the peri carp exhibit
the HTC phenomenon as docs the who le bean.
M C Bourn e: What effects would you expect if the
beans were stored at 42°C, 80% RH for periods much
longer than 2 1 days?
~: We do not expect significant effec ts on the
aspects studied by us. The beans would continue to be
hard and the ultrastructural differences between normal
and HTC beans would probably remain the same. The
procedure to induce hardness was an accelerated one

accordin g to Varriano-Marston and Jackson ( 198 1). The
hardness induced shows properti es of HTC which,
according to the literature, were obLain cd by longer

storage at high humidity but at a lower temperature, 30350C. However, all normal beans softened during 30 min
or cooking.

M A l lchersax: Wh at structural changes may have
occurred during the initial drying process o f the seed
which could innuence the observed results?
~: The initial drying process was not studied by
us.
M A. llebersax: Do other studies ex ist to address these
changes?
~: Other studies dealing with these changes arc
mentioned in the manuscript. However, these !oi tudi es

have not identi fied ultrastructural details as revealed by
TEM in the present stud y.
M A lleber sax: Can th e authors beuer describe the
tex tural characteristics of th ese beans to enable better

Figures 15-20. Ultrathin section of cotyledon of a
cooked normal bean. Fig. 15 - The primary cell wall (W)
seen with weakly stained locations. The cooked
secondary cell wall (CS ) seen beside dark cy topl asm
(Cy); bar=2 ~m . Figs. 16- I 8. High magnification of th e
primary (W) and secondary (CS) cell walls. The weakl y
stained loca tion s (DM) indicate partially di ssol ved
primary cell wall (Fig. 16 bar=0.5 ~ ; Fig. 17 bar=O. I
~m ; Fig. 18 bar=O.I ~m ). Figs. 19, 20- Primary (W)
and secondary (CS) cell wall where residues (MLR) of
the middle lamella are seen bet ween adj acent cells (Fig.
19 bar= I ~m ; Fig. 20 bar=O. I ~m).

interpretati on of the results and prov ide improved
undcrsLandin g of the extent or condition of hardening

present in these beans.

A.u.l!!ll!.s.: The present stud y did not dea l with ph ysical
measurements of texture. From our point of view it was
important to determine whether the beans were soft or

hard. The di fferences between HTC and normal beans
were so obvious that the simple assay speci fied in the
ex per im ental sec ti on distin guished be tween th em
distinctl y.
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Revi ewer lll : Did th e authors find any evidence for
me mbrane di srupti on? No consisten t trend has been
shown in the Iiterature regarding water absorption by
hard and soft beans. The d ifference in water uptake

Rev iewe r Jll : It is difficult to ag ree wi th th e
identificati on o f the middle lam ella be ing as thin as
claimed. The microscopic procedures used arc we ll
known to imparl arti facts which could explai n some of
these results .
.8.l!.l!:!lill.: From the ultrastruc tu ral photomicrog raphs it
can be seen that distinct differences exist in the midd le
lamellar zone after (ra th er than before) cooking between
HTC and norm al (control) beans. Furthermore, variable
thi ckn esses have been observed along the middle lamella
in the contact zones of adjace nt cells.

between soft and hard beans however, was even more

pronounced following 30 min cooking even though the
cooking process disrupted plasma membranes to an even
greater ex tent than storage at adverse conditions. Th is is
supported by th e increasi ng losses of soluble solids to
the cookin g water reported by the authors and would
indicate that a factor o th er than mem brane
semiperm eabi lity may play an important role in th e
differences in water uptake between soft and hard beans.
This factor may be re lated to the increased rigidity of cell
walls and restricted swelling of hard-to-cook beans during
soaking and cooking compared to nondefective samples.
~: Leakage of intracellular low molecular weight
constituents from HTC beans into th e soak water is an
indication for damage to the plasma membrane. During
cooki ng, the grea ter extent of leakage from normal beans
compared to the HTC ones, indicates destruction of the
plasma lemma of normal beans (th e low molec ular
weig ht constituents hav ing already leaked out from the
HTC beans during th e soaking before coo king). The
incon sistent Lrcnd in the literature wi th respec t to the

ex tent of water imbibition of HTC beans is probably
also due to the different ways it is reported. Not always
are all th e data necessary to correlate among various

presentations reported unambi guo usly. Reduced water
uptake by cooked HTC beans may also be the resu lt of
changes affecting the hydration capacity of the insoluble
matrix of the bean tissue.
Reviewer Ill : What does the difference in staining ability

mean?
~:

A mi xture of to luidine blue and basic fuchsin

is known to be a multi stain adsorbed

by various ce ll

components. T he staining differences between the
treatments indicate changes in the adsorption properties
of some cell constitu ents, as can be seen in th e light
micrograph s. For exampl e, starc h stained mainly after

Figures 2 1-26. Ultrathin sections of the cotyledon of a
cooked hard-to-cook bean. Fig. 21 -The primary (W) and
secondary (CS) cell walls arc seen bes ide dark cytoplasm
(Cy) and starch (S), where the middle lamella (ML) is
seen undegraded in th e adhesion zone between adjacent
cells. Weakly sta ined locutions (D M) indicate a partiall y
disso lved cell wa ll matri x; bar=l ~m. Figs. 22, 23 hi gh magnification of secondary cell wa ll beside the
primary cell wall (W) and the cytopl asm (Cy); bar=O. I
~rn. Figs. 24-26 - High magnification of the middle
lamella (ML) in several thi cknesses between primary
wa lls (W) of adjacent cells. While the middle lamella is
seen undamaged, weak ly stained locations appear in the
primary wa ll matri x (Fig. 24 bar=O. I ~m ; Fig. 25
bar=0.5 ~m ; Fig. 26 bar=0.5 ~m).

cooking, and this probably indicates adsorption of dye as
a res ult of partial gelatini zation and swelling. The
secondary cell wall was stained intensively in HTC
beans , and its ultras tructure was also di stinctly different
from that of normal beans. This indicates chemi cal and
structural changes of these cellular components.
Reviewer Ill : What is the role of changes in secondary
cell wa lls on the development and manifes tation of the
hard-10-cook defect?
Authors: We don 't know. This has to be studied, as well
as other aspects which can be elucidated by anatomical
and ultrastructural work.
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